Peribronchial edema has been proposed as a mechanism enhancing airway responses to constrictor stimuli. Acute exposure to altitude in nonacclimatized lowlanders leads to subclinical interstitial pulmonary edema that lasts for several days after ascent, as suggested by changes in lung mechanics. We, therefore, investigated whether changes in lung mechanics consistent with fluid accumulation at high altitude within the lungs are associated with changes in airway responses to methacholine or exercise. Fourteen healthy subjects were studied at 4,559 and at 120 m above sea level. At high altitude, both static and dynamic lung compliances and respiratory reactance at 5 Hz significantly decreased, suggestive of interstitial pulmonary edema. Resting minute ventilation significantly increased by ϳ30%. Compared with sea level, inhalation of methacholine at high altitude caused a similar reduction of partial forced expiratory flow but less reduction of maximal forced expiratory flow, less increments of pulmonary resistance and respiratory resistance at 5 Hz, and similar effects of deep breath on pulmonary and respiratory resistance. During maximal incremental exercise at high altitude, partial forced expiratory flow gradually increased with the increase in minute ventilation similarly to sea level but both achieved higher values at peak exercise. In conclusion, airway responsiveness to methacholine at high altitude is well preserved despite the occurrence of interstitial pulmonary edema. We suggest that this may be the result of the increase in resting minute ventilation opposing the effects and/or the development of airway smooth muscle force, reduced gas density, and well preserved airwayto-parenchyma interdependence.
airway and lung mechanics; deep breath ACUTE EXPOSURE TO HIGH ALTITUDE in nonacclimatized healthy subjects is associated with the development of subclinical interstitial pulmonary edema (11, 22, 28) . This persists for several days and is presumably accompanied by fluid accumulation within and around the airway walls. These changes may alter the airway responses to either bronchoconstrictor or bronchodilator stimuli through two potential mechanisms (33) .
First, an increased thickness of airway walls would result, for purely geometric reasons, in greater changes in airway caliber for any given change in airway smooth muscle length. Second, fluid accumulation in peribronchial tissue might uncouple the airways from the surrounding lung parenchyma. This may result in 1) a reduction of the elastic load on airway smooth muscle and, in turn, an increased airway smooth muscle shortening for any given contractile stimulus (27) , and 2) an impairment of the ability to dilate the airways by deep breath (DB). The latter is believed to be an effective mechanism modulating airway narrowing in healthy subjects (40) and increasing airway caliber during exercise (39) .
In a recent study conducted at sea level, rapid fluid loading with intravenously infused saline caused mild airflow obstruction and enhanced methacholine (MCh)-induced bronchoconstriction in healthy subjects (38) . Because the bronchodilator effect of DBs remained unaltered, it was suggested that the enhanced airway narrowing with interstitial edema was caused by an increased airway wall thickness rather than uncoupling from lung parenchyma. On the basis of this model, we hypothesized that the interstitial edema occurring at high altitude is associated with an increased airway narrowing in response to a constrictor agonist, which is reversed by a DB. However, there are other important physiological adaptations to high altitude that may modulate differently the airway responses to bronchoconstrictor or bronchodilator stimuli. Among these are changes in lung elastic recoil, increase of sympathetic tone, reduction in gas density, and hypoxia-induced hyperventilation. The latter may produce an increased tidal stretching of airway smooth muscle and thus a decrease in airway tone. This is regarded as a potent mechanism for maintaining airway smooth muscle in a condition of low contractility, thus attenuating responses to bronchoconstrictor stimuli (16) and explaining the bronchodilatation observed in healthy subjects with exercise (39) . To further reinforce our hypothesis that interstitial lung edema at altitude cannot impair the ability to dilate airways by mechanical stretching we examined the changes in airway caliber during maximal exercise. The expectation was that if airway-to-parenchyma interdependence is well preserved, then exercise hyperpnea at high altitude would cause a bronchodilatation not different from sea level.
The aim of this study was therefore to investigate whether changes in airway caliber induced by MCh and exercise hyperpnea are differently modulated at high and low altitude. For this purpose, we investigated the bronchial response to MCh and maximum exercise in 14 healthy subjects exposed to an altitude of 4,559 m above sea level.
METHODS

Subjects.
Fourteen male volunteers with normal lung function (Table 1) and familiar with pulmonary function testing participated in the study after giving an informed consent, as approved by the Ferrara University Ethics Committee. Twelve had no history of cardiorespiratory disorders. One suffered from seasonal allergic asthma and one reported a history of asthma, but neither one had any symptoms nor was taking antiasthmatic medications at the time of the study.
Study protocol. On a prestudy day, subjects attended the pulmonary function laboratory in Milan [120 m above sea level (asl)] for medical examination and electrocardiogram. Spirometry and lung volumes measurements were obtained with a mass flow meter (SensorMedics, Yorba Linda, CA) according to the ERS/ATS recommendations (30, 53) . A standard bronchial challenge was conducted by aerosolized MCh chloride dry powder (Laboratorio Farmaceutico Lofarma, Milan, Italy) dissolved in distilled water, with near-double increments of doses from an initial dose of 300 g. Aerosols were generated by an ampoule-dosimeter system (MB3 MEFAR, Brescia, Italy) delivering particles with a median mass diameter of 1.53-1.61 m and inhaled during quiet tidal breathing in a sitting position. The test ended when the FEV 1 decreased by Ͼ20% of control or a dose Ͼ5,000 g had to be administered. The last dose used in this incremental test was used as a single dose on subsequent study days. Methodological details are the same as a previous study (29) . Subjects were asked to rate the sensation of difficulty breathing on a Borg scale during the MCh challenge.
The study included four study days, two in Milan and two at Capanna Regina Margherita (Mount Rosa, 4,559 m asl). At each location, the subjects underwent a single-dose MCh challenge and an incremental exercise in a random order on two occasions separated by at least 2 days. Before reaching Capanna Regina Margherita, subjects rested for 2 days at an intermediate camp (Rifugio Gnifetti at 3,647 m asl). At high altitude, the studies were conducted on the second and fourth day after arrival. No major complications were observed during the expedition.
Pulmonary function measurements on MCh days. Spirometry, flowvolume curves, and absolute lung volumes were obtained in a body plethysmograph (MasterLab, Jaeger, Würzburg, Germany) with original instrumentation fully replaced. Flow at the mouth was measured with a Lilly-type pneumotachograph. Body box flow was measured by a meshtype pneumotachograph (R ϭ 0.36 cmH 2O · s · l Ϫ1 ). Pressure drop across the box was measured by two precision differential piezoresistive pressure transducers (DCXL01DS and DCXL10DS, SensorTechnics, Puchheim, Germany) with different full scale range (2.5 and 25 cmH 2O full scale range, respectively). The low scale transducer was used for the measurements during panting, while the higher full-scale transducer was used for the forced maneuvers. All signals were corrected for the external pressure noise by connecting the ambient tip of the differential pressure transducers to a pneumatic low-pass filter (17) . The frequency response of the body box was assessed by applying a sinusoidal oscillation with frequency components in the range of 0.01 to 13 Hz into the box and by computing the transfer function between body box pressure and the flow across the cabin. During calibration, rigid closed containers providing a total volume similar to the volume of an average human body were placed inside the body box. The estimated transfer function was used to anti-filter the body box flow. All signals were calibrated at sea level and at high altitude on each study day.
Lung volumes and partial and maximal forced expiratory maneuvers were recorded as follows. After at least four regular breaths, thoracic gas volume was measured with the subjects panting against a closed shutter at a frequency slightly Ͻ1 Hz, while supporting their cheeks with hands. Soon after resuming tidal breathing, the subjects were asked to expire forcefully from ϳ70% of their forced vital capacity (FVC) to residual volume (RVpart). This was followed by a sustained full inspiration and then a forced maximal expiration to residual volume (RV). The latter allowed measurements of the forced expiratory volume in 1 s (FEV 1). Care was taken that the duration of both forced expirations was Ն6 s. If the partial expiratory maneuver was not started from the desired volume, as often occurred with the first measurement, the test was repeated. Mouth flow was plotted against plethysmographic volume and measured on both maximal (V max) and partial (V part) flow-volume loops at 60% of control total lung capacity (TLC). TLC was obtained by adding the inspiratory vital capacity to RVpart. Predicted values for spirometry and lung volumes were taken from Quanjer et al. (42) .
Quasi-static expiratory and inspiratory transpulmonary pressurevolume (Ptp-V) curves were obtained during brief manual interruptions of relaxed expiratory and inspiratory maneuvers. Esophageal pressure (Pes) was measured by a 10-cm-long balloon placed in the mid third of the esophagus. Placement of the balloon was preceded by topical anesthesia of nose and throat. The balloon contained 1 ml of air and was connected to a piezoelectric pressure transducer (Microswitch, Ϯ200 cmH2O). Mouth pressure (Pmo) was measured by a catheter connecting the mouthpiece to a piezoelectric pressure transducer (Microswitch, Ϯ200 cmH2O). Ptp was the difference between Pes and Pmo. Placement of the balloon was considered correct if the changes in Pes and Pmo were similar during gentle inspiratory and expiratory efforts against a partially occluded airway, thus leaving Ptp stable at a given lung volume. Volume and Ptp values were measured at the points of zero flow.
Respiratory dynamics were measured with the subjects sitting and breathing quietly for 2 min before and 2 min after a DB. Flow was measured by a screen-type pneumotachograph (3700A, Hans Rudolph, Kansas City, MO), while mouth and esophageal pressures were measured by two differential pressure transducers (DCXL10DS Ϯ25 cmH2O and DCXL30DS Ϯ75 cmH2O, SensorTechnics, Puchheim, Germany). All signals were sampled at 200 Hz. Sinusoidal pressure oscillations of 5, 11, and 19 Hz with amplitude of ϳ2 cmH2O were applied at the mouth of the subjects during tidal breathing while firmly supporting cheeks with hands. The forcing signal was generated by a personal computer connected to an analog-to-digital (A/D)-D/A board (DAQ-CARD 6036E, National Instruments, Austin, TX) and sent to a single-chip power amplifier (TDA7391 STMicroelectronics, Geneva, Switzerland) connected to a 16-cm diameter loudspeaker (model CW161N, Ciare, Ancona, Italy). The loudspeaker was connected to the mouthpiece through a short rigid connecting tube (22-cm long, 19-mm ID). A low-resistance, high-inertance tube was used to connect the pressure generator to the atmosphere to allow the subject to breathe. The dead space of the tube was minimized by a 15 l/min bias flow applied between the pressure generator and the pneumotachograph. The frequency response of the system was assessed according to Brusasco et al. (7) and found to be flat up to 30 Hz. The inspiratory real and imaginary parts of input impedance at 5, 11, and 19 Hz (R5, R11, and R19, respectively, and X5, X11, X19, respectively) were computed by using a least squares algorithm (13, 23, 24) . Lung resistance (RL) and dynamic compliance (Cdyn) were measured over the same tidal breaths according to Uhl and Lewis (52) . No measurements were taken from any breathing cycle with input impedance values showing spikes or oscillations due to swallowing or glottis closure. Tidal volume (VT) and breathing frequency (BF) were also computed for the same breaths. Flow-volume curves and absolute lung volumes and quasi-static transpulmonary pressure-volume (Ptp-V) curves were measured at least in triplicate before MCh and once after MCh. Respiratory dynamics were measured once before and after MCh.
Pulmonary function measurements on exercise days. An optoelectronic plethysmograph (OEP System, BTS, Milan, Italy) was used to measure VT, BF, and minute ventilation (V E) without any connection to the airway opening of the subjects. Measurements were conducted for a 15-min rest period with the subjects sitting on a stool with arms abducted to not interfere with measurements. Details of the technique are reported elsewhere (9) . In brief, six specially designed TV cameras, three placed in the front and three in the back of the subject, tracked the 3-D movements of 89 small surface markers attached to the skin of the trunk with double-sided adhesive tape and lit by infrared light-emitting diodes coaxial with the lenses of the cameras. The markers, 10-mm hemispheres coated with reflective paper, were positioned along seven horizontal and vertical lines both anteriorly and posteriorly to the chest wall and abdomen. Chest wall volume was computed according to the method proposed by Cala et al. (9) . Data were recorded at a sampling frequency of 100 Hz. The coefficient of variation of the difference between changes in lung volumes measured by opto-electronic plethysmography and spirometry is Ͻ3.5% (9) .
A symptom-limited incremental exercise test was performed on an electronically braked cycle ergometer (Ergoline 800, SensorMedics, Yorba Linda, CA), with the subjects wearing a nose clip and breathing through a mass flow sensor (dead space 75 ml) connected to a saliva trap. Flow was continuously measured at the mouth during inspiration and expiration. Chest wall volume was measured by opto-electronic plethysmography to correct lung volume for thoracic gas compression. After a 3-min resting measurements and a 3-min warm up, exercise load was increased by 30 W every 3 min until the load could no longer be sustained. The subject pedaled at 50 -60 revolutions/min. Special care was taken to maintain the position of the trunk fairly constant during the test. To assess the airways response to exercise hyperpnea, sets of at least four to six regular tidal breaths immediately followed by a partial forced expiratory maneuver near RV were obtained in triplicate at rest and individually over the last 30 s of each load step. This allowed V part to be measured at the same absolute lung Fig. 1 . Quasi-static inspiratory and expiratory transpulmonary pressure-volume curves before bronchial challenge at sea level (dashed lines) and high altitude (continuous lines) in 11 subjects with reliable data.
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volume of the MCh challenge. VT and inspiratory and expiratory times (Ti and Te, respectively) were recorded over the last 30 s of each load step prior to recording the partial forced expiratory maneuver and used to estimate V E.
Resting arterial blood gases at rest were measured only at altitude. Blood (5 ml) was drawn from the radial artery and O 2 and CO2 tensions and pH were immediately analyzed with a portable gas analyzer (i-STAT, Abbott, IL) (36) .
Data reduction and statistical analysis. Partial and maximal flows reported in the present study are those collected after plotting flow vs. thoracic gas volume measured in the body plethysmograph. This was done to avoid any potential differences in thoracic gas compression between the two study sites, thus obtaining correct pressure-volume and flow-pressure curves. In addition, to allow comparison between altitude and sea level, maximum flows were corrected by a factor of 1.32 to account for reduced gas density at Capanna Regina Margherita (37) .
Quasi-static pressure-volume curves on inspiration and expiration were reliably measured in 11 subjects at low and high altitude and are presented in Fig. 1 . Quasi static lung compliance on inspiration and expiration (Cstat Insp and CstatExp) were measured by subjecting all relevant Ptp and V values to a linear regression analysis and then removing the values step-by-step down from TLC to FRC until r 2 achieved the highest value.
Lung conductance upstream from the flow-limiting segment (Gus) during maximal (Gus max) or partial (Gus part) forced expiratory maneuvers was determined from the ratio of V max and V part to the relevant expiratory and inspiratory Ptp values (PtpExp and PtpInsp) at 60% control TLC. R5, X5, RL, and Cdyn before DB were computed by averaging the values of regular tidal breaths. During induced bronchoconstriction, the DB was associated with sudden changes in RL, R5, X5, and Cdyn followed by a slow return to the pre-DB values with the resumption of tidal breathing (Fig. 2) . Since the recovery of the variables was fairly linear with time, all values of R5, X5, and RL and Cdyn measured from the end of DB to the point at which a clear plateau was observed were submitted to a linear regression analysis (29, 38, 40) . The intercept at the time of the DB (R5 DB, RLDB, X5DB, and CdynDB) was taken as an estimate of the effect of DB on airway caliber and the slope (R5 slope, RLslope, X5slope, and Cdynslope) as an estimate of renarrowing.
The effects of DB on forced expiratory flows were estimated from the ratio of V max to V part at baseline and after MCh (40) .
The difference between R5 and R19 was taken as an index of heterogeneous distribution of airflow obstruction (19, 26) .
Changes of airway caliber with exercise were estimated from the intercept and slope of the linear regression of all V part values collected during exercise for each individual and plotted vs. V E as measured with the opto-electronic plethysmograph. A typical example of the increase in all V part with exercise hyperpnea in a subject at sea level and high altitude is shown in Fig. 3 .
Predicted values are from Quanjer et al. (42) . A two-factor repeated-measure analysis of variance was used to test for statistical significance differences related to altitude and MCh or exercise. Post hoc comparisons were made by Holm-Sidak test or paired t-test whenever applicable. The relationship between variables was tested by linear regression analysis and Pearson's coefficient of correlation. Values of P Ͻ 0.05 were considered statistically significant. Values are presented as means Ϯ SD.
RESULTS
Changes in lung function with altitude.
Compared with sea level, resting V E increased significantly at high altitude (from 8.79 Ϯ 1.39 to 11.68 Ϯ 1.71 l/min; P ϭ 0.0005). This was the result of nonsignificant increments in VT (from 0.56 Ϯ 0.11 to 0.65 Ϯ 0.15 l; P ϭ 0.0969) and BF (from 16 Ϯ 3 to 19 Ϯ 3; P ϭ 0.0756). No significant changes were observed as for V max and V part (P Ͼ 0.2581 for both) or Gus max and Gus part (Fig. 4) , TLC and RV (P Ͼ 0.5606 for both) ( Table 2) , and RL and R5 (P ϭ 0.9049 and P ϭ 0.0890, respectively) (Fig. 5) . Cdyn significantly decreased (P ϭ 0.0003), X5 became more negative (P ϭ 0.0273), and R5-R19 increased slightly but significantly (P ϭ 0.0178) (Fig. 6) , thus suggesting slight heterogeneous ventilation. Cstat Exp and Cstat Insp significantly decreased (P Ͻ 0.05 for both) (Fig. 7) , thus suggesting increased lung stiffness at altitude. The ratio of V max and V part was not significantly different from sea level (Fig. 8) , thus suggesting no effects of the DB on bronchial tone at altitude.
Pa O 2 and Pa CO 2 were 46 Ϯ 5 and 27 Ϯ 2 mmHg, respectively. pH was 7.460 Ϯ 0.033 units.
Effects of altitude on the response to MCh. At high altitude, absolute V part after MCh decreased to values not significantly different from sea level (P ϭ 0.3388), whereas V max decreased to values significantly higher (P ϭ 0.0109), thus suggesting less airway response when assessed by measurements taken after rather than before DB (Fig. 4) . This was independent of lung elastic recoil, as suggested by similar Ptp Exp at high and low altitude, whereas Gus max tended to by higher (P ϭ 0.0947) after MCh at high altitude (Fig. 4) . The difference in RL with MCh between high and low altitude was inversely correlated with the relevant difference in resting V E (r ϭ Ϫ0.7157, P Ͻ 0.05) but not VT or BF, thus suggesting that hypoxic hyperventilation rather than the increase in tidal volume contributed to blunt the increase in resistance with MCh at Capanna Margherita. Cdyn decreased to similar absolute values of sea level (P ϭ 0.3436), whereas X5 decreased to values significantly less negative (P ϭ 0.0007) (Fig. 6) . Cstat Insp and Cstat Exp remained significantly less than at sea level (P ϭ 0.0229 and 0.0472, respectively; Fig. 7 ). Borg score after MCh was slightly but significantly less than at sea level (1.4 Ϯ 0.9 vs. 2.4 Ϯ 1.9; P ϭ 0.0145).
The effects of the DB on lung mechanics after MCh at high altitude are summarized as follows. The ratio of V max to V part was significantly higher than at sea level (2.89 Ϯ 1.54 vs. 2.16 Ϯ 0.73, P ϭ 0.0053; Fig. 8 ; Table 3 ), thus suggesting a greater effect of the DB on relieving airway narrowing at high altitude compared with sea level. RL DB , R5 DB , and X5 DB achieved values similar to sea levels (P Ͼ 0.0540 for all), whereas Cdyn DB increased to values significantly less at sea level (P ϭ 0.0004). The recovery time of RL and Rrs after DB was slightly but not significantly longer at altitude than at sea level (P ϭ 0.0595 and 0.0949, respectively), whereas the recovery of Cdyn and Xrs were similar (P Ͼ 0.2469 for both).
Effects of altitude on expiratory flow during exercise. At high altitude, the average intercept and slope of V part vs. V E were similar to sea level (Table 4) , thus suggesting that the exercise hyperpnea was associated with bronchodilatation similar to sea level. However, V E at peak exercise at altitude was significantly higher than sea level (152 Ϯ 36 vs. 102 Ϯ 20 l/min; P ϭ 0.0072), and this was associated with significantly higher V part part (7.3 Ϯ 2.6 vs. 5.6 Ϯ 2.2 l/s; P ϭ 0.0293).
DISCUSSION
The main results are summarized as follows. Compared with sea level, at high altitude 1) the response to MCh in healthy lowlanders was characterized by less increase in airflow resistance but a similar decrease in V part ; 2) this occurred despite the occurrence of interstitial lung edema, as inferred by the significantly higher decrease in Cstat Exp , Cstat Insp , Cydn, and X5, 3) the bronchodilator effect of a DB after exposure to MCh was well preserved, 4) V part gradually increased with the increase in V E during exercise, thus suggesting hyperpnea-induced bronchodilatation, but 5) at peak exercise, the extra increase in V E was associated with a further significant increase in V part .
Limitations and strengths of the study. The number of participants in the study was not defined a priori on a statistical basis. This was because of the complexity of the study and Fig. 6 . Cdyn, respiratory reactance at 5 Hz (X5), and difference in respiratory resistance between 5 and 19 Hz (R5-19) and before and after methacholine at sea level (dashed line) and high altitude (continuous line). All data are expressed as absolute values. Asterisks indicate significant differences between high altitude and sea level. *P Ͻ 0.05; ***P Ͻ 0.001. Fig. 7 . Quasi-static inspiratory and expiratory lung compliance (CstatInsp and CstatExp, respectively) before and after methacholine at sea level (dashed line) and high altitude (continuous line). All data are expressed as absolute values. *Significant differences between high altitude and sea level (P Ͻ 0.05). Fig. 8 . Ratio of maximal to partial flow (V max and V part, respectively) before and after methacholine at sea level (dashed line) and high altitude (continuous line). All data are expressed as absolute values. **Significant differences between high altitude and sea level (P Ͻ 0.01).
difficulty in recruiting an elevated number of subjects. Thus we opted for a number of subjects that was the average of similar previous studies (1, 3, 17, 18, 22, 28, 43, 51, 54) . However, we were also confident that 14 volunteers well motivated and familiar with pulmonary function testing were sufficient for our purposes. Another limitation of the study is the lack of women. This was done, however, on purpose to avoid any hormonal effects, potentially accentuating lung fluid retention at altitude. Finally, the study investigated the response of the respiratory system only over the first few days after the ascent to altitude. Thus the present findings cannot be extrapolated to late functional adaptations to altitude.
The study has a series of strengths that render it one of a kind. For instance, this is the first time the optoelectronic plethysmograph was brought to high altitude to measure absolute changes in thoracic volume during breathing. Similar considerations can be made for the measurements of the bronchial response to a constrictor agent with the use of compression-free partial and maximal flows and forced oscillation technique.
Interpretation of results. Changes in transpulmonary pressure-volume curves have been variably reported after acute exposure to altitude in humans, with some studies documenting a leftward shift (17, 43) and others the opposite (22, 28) . Our study indicates that after 2-3 days of sojourn at high altitude the subjects exhibited a significant decrease in Cstat Exp and Cstat Insp . Together with a significant and consistent decrease in Cdyn and Xrs, this presumably reflects an increase in lung stiffness due to fluid accumulation within the lungs (14, 41) and/or peripheral airway narrowing or closure (5, 6) . According to current knowledge, interstitial lung edema at altitude is the result of hypoxia-induced pulmonary hypertension, increased endothelial permeability (31) , and physical exercise (11) . Fluid leakage from pulmonary capillaries is followed by filling of the spaces around the alveoli and the complex vascular network accompanying the airways (48) .
As predicted from modeling studies, airway wall edema and thickening is expected to cause airway narrowing and hyperresponsiveness either by encroaching on the lumen or uncoupling the airways from the surrounding lung parenchyma (33) . The lack of radial tension would interfere with the effects of tidal stress on the airway smooth muscle cross-bridges, thus facilitating the transition to latch state (16) and make the airways stiffer. This hypothesis has been supported by animal experiments (6, 50) and experiments in humans (8, 15, 34, 38) . Compared with our intravenous saline study in which Cstat did not change after infusion (38) , the findings of the present study document that hypobaric hypoxia was associated with a quite different functional pattern with predominant interstitial edema, although the decrease in Cdyn and X5 cannot exclude the likely coexistence of peribronchial edema.
In addition to lung congestion and interstitial edema, there are a series of additional mechanisms that could contribute to increase the response to MCh at altitude. Hypocapnia, as a result of hyperventilation is a first candidate. Studies in humans have documented a 133% increase in airflow resistance for a ventilation of ϳ30 l/min, causing a decrease in Pa CO 2 from 45-50 to 20 -25 mmHg (35) . This was also confirmed in a study on porcine airway smooth muscle, in which opening of voltage-dependent Ca 2ϩ channels was identified as a potential mechanism by which hypocapnia can constrict airway smooth muscle (25) . Hypoxia is a second candidate, although this has never been consistently documented in healthy lowlanders (18, 49) . The reduced gas density at altitude might have increased MCh deposition in the most peripheral airways compared with sea level. Consistent with this hypothesis would be the slightly lower increase in RL and Rrs with MCh at Capanna Regina Margherita than at sea level but not the similar decrease in V part . Finally, breathing dry and cold air has the potential to increase respiratory resistance (12) , but temperature inside Capanna Regina Margherita during the daily sessions was similar to sea level. Be that as it may, despite the evidence of lung congestion at altitude and its potential to blunt airway-toparenchyma interdependence, we did not observe an increased response to MCh nor a loss of effects of DB. These findings do not support our hypothesis that fluid retention at altitude is associated with airway hyperresponsiveness and this is a result of airway uncoupling from lung parenchyma or encroachment on bronchial lumen. Consequently, they open the question of what prevented airway hyperresponsiveness from occurring at altitude despite the numerous factors that, in theory, would facilitate airway narrowing.
We next examine four mechanisms potentially contributing to modulate airway hyperresponsiveness at altitude. First, reduced gas density is known to facilitate airway mechanics. Before inhaling MCh, maximum flow corrected for gas density and airflow resistance at altitude were not significantly different from sea level. With induced bronchoconstriction, however, RL and R5 increased significantly less than at sea level, whereas V part changed by a similar extent. As long as the latter reflects airway caliber upstream from the choke point, these findings would suggest that the reduced gas density at altitude was capable of blunting the response to inhaled MCh within the central but not peripheral airways. These results are in line those obtained by Barnett (2) in dogs during induced bronchoconstriction while breathing air of heliox.
A second mechanism potentially modulating the response to MCh at altitude could be the increase in lung elastic recoil resulting from lung congestion (27) . We argue, however, that this was not presumably the case because lung elastic recoil was increased only at lung volumes above those at which flow was measured in this study, i.e., 60% control TLC, as documented in most cases of Fig. 1 .
A series of neural mechanisms could have contributed to contrast the response to MCh at high altitude. Epinephrine is known to occur in the early phase of acclimatization (21) , although it is presumably insufficient to modulate bronchial tone (46) . Nitric oxide has the potential to reduce the response to contractile agents in hypoxic rats (10), although it has been shown not to increase at altitude in humans (4) or even to decrease with hypobaria (20) . Other potential mechanisms are a decrease in vagal tone as a result of the increased ventilation (44) and an alteration of calcium-contraction coupling by chronic hypoxia (45) . Upregulation of COX2 and PGE 2 could also explain the reduced airway responsiveness at high altitude compared with sea level, although this has only been demonstrated in pulmonary endothelial cells (55) but not airway smooth muscle. Yet, to explain our results, all these mechanisms should have equally affected the decrease in V part and V max with MCh, which was not the case.
The increase in airway wall thickness as a result of edema forming within the wall area internal to the airway smooth muscle layer or the vascular engorgement at altitude could have contributed to limit the diffusion of the constrictor agent to the airway smooth muscle or clear part of it before reaching the muscle cells, thus potentially contributing to blunt the decrease in V max with MCh compared with sea level. Yet these mechanisms cannot explain the similar decrease in V part with the active agent between high and low altitude.
We favor a fifth mechanism, which can help explain the results of both MCh challenge and exercise. During the bronchial challenge RL increased less at altitude than sea level, and this was inversely correlated with the increase in ventilation. In addition, the intercepts and slopes of V part vs. V E during exercise at altitude and sea level were similar, thus suggesting that V E had similar bronchodilator effects on both conditions, but the higher peak V E at altitude, presumably due to the hypoxic stimulus, was associated with a further significant increase in V part . Collectively, these findings point to airway smooth muscle stretching as an important mechanism modulating airway caliber at altitude. As reported by in vitro studies, increments in either tidal volume or breathing frequency have been shown to be capable of maintaining the airway smooth muscle in a low contractile status (16, 47) . However, for this to occur, the airway-to-parenchyma interdependence had to be well preserved notwithstanding the presence of interstitial lung edema. In line with the results of previous studies documenting that the response to the DB remains intact in healthy humans after saline infusion on exposure to MCh (38) or in sheep infused with bradykinin to thicken airway wall (5), the present data strengthen the notion that the occurrence of mild-tomoderate interstitial lung edema was not sufficient to alter the transmission of the mechanical stimulus of ventilation to the underlying airways. Perhaps, this is because of the poor compliance of the peribronchial space limiting fluid accumulation around the adventitia and the resulting rupture of alveolar attachments (32) .
In conclusion, ascent at high altitude was not associated with airway hyperresponsiveness despite the occurrence of fluid accumulation within the lung. We postulate that reduced gas density, hypoxia-induced hyperventilation, and well preserved airway-to-parenchyma interdependence contributed to blunt the response to methacholine and maintain airway patency.
